A solid-phase extraction (SPE) method using multi-walled carbon nanotubes as adsorbent coupled with high-performance liquid chromatography was developed for the determination of four pyrazole and pyrrole pesticides (fenpyroximate, chlorfenapyr, fipronil and flusilazole) in environmental water samples. Several parameters, such as extraction adsorbent, elution solvent and volume and sample loading flow rate were optimized to obtain high SPE recoveries and extraction efficiency. The calibration curves for the pesticides extracted were linear in the range of 0.05-10 mg L 21 for chlorfenapyr and fenpyroximate and 0.05 -20 mg L 21 for fipronil and flusilazole, with the correlation coefficients (r 2 ) between 0.9966 and 0.9990. The method gave good precisions (relative standard deviation %) from 2.9 to 10.1% for real spiked samples from reservoir water and seawater; method recoveries ranged 92.2-105.9 and 98.5 -103.9% for real spiked samples from reservoir water and seawater, respectively. Limits of detection (S/N 5 3) for the method were determined to be 8 -19 ng L 21
Introduction
Fipronil, chlorfenapyr, fenpyroximate and flusilazole are pyrazole and pyrrole derivatives (Figure 1 ), mainly used as weeding herbicides and pesticides with the characteristics such as high efficiency, good sterilization ability and low toxicity. Recently, they are recommended to replace highly toxic organophosphorus pesticides as the first choice by a large number of chemical experts. This kind of pesticides have been widely used in rice, vegetable, fruit trees and ornamental plants for comprehensive prevention and control of pests. However, they still exhibit toxic or other undesirable side effect on non-target organisms (1) . The extensive or inappropriate use of these compounds could cause soil and water pollution, thus harm to human health. Therefore, increased monitoring efforts are required to study the effects of these compounds. Due to their trace level concentration and wide distribution in complex water environment, it is necessary and important to develop efficient methods and highly selective and sensitive separation and analysis techniques.
The most common analytical methods for pyrazole and pyrrole pesticides were gas chromatography -mass spectrometry (GC-MS) (2), high-performance liquid chromatography -ultraviolet or diode-array detection (HPLC -UV -DAD) (3, 4) and GCelectron capture detector (5) . However, to our knowledge, these four pyrazole and pyrrole pesticides (fipronil, chlorfenapyr, fenpyroximate and flusilazole) we studied were not reported to be simultaneously detected. In this study, HPLC -UV -DAD was used because of the four compounds' high boiling point and intense ultraviolet absorption.
On the other hand, because of the complex matrix in water and the low concentration of pesticides, clean up and enrichment procedures were needed prior to analysis. Current techniques for the extraction and concentration of pyrazole and pyrrole pesticides from environmental water samples were solidphase extraction (SPE) (5-8), solid-phase microextraction (SPME) (2) and dispersive liquid -liquid microextraction (DLLME) (3). SPE, due to its advantages of high recovery, short extraction time, high enrichment factor, low consumption of organic solvents and ease of automation and operation, was widely used for concentration of organic compounds in water samples. In an SPE procedure, the choice of adsorbents is a very important factor for obtaining high enrichment efficiency. Nunez et al. (6) used porous graphitic carbon material (HyperSep Hypercarb) as SPE adsorbents for preconcentration of difenzoquat in water samples.
Carbon nanotubes (CNTs) have attracted much interest toward exploiting their unique thermal, mechanical, electronic and chemical properties (9) since their discovery. The multiwalled CNTs (MWCNTs) composed of several rolled up graphite sheets (10) display large specific surface areas (11) and high adsorption capacity (12) , primarily owing to their dramatically hydrophobic surface and unique structure with internal tube cavity (13) . Many results showed that MWCNTs may have good analytical potentials as effective SPE adsorbent for certain compounds. The MWCNTs are effective SPE adsorbent and gave very strong adsorption effects to bisphenol A, 4-n-nonylphenol, 4-tert-octylphenol (14) , phthalate esters (15) and chlorophenols (16) . In our previous study, MWCNTs were used as SPE adsorbent for enrichment of 16 polycyclic aromatic hydrocarbons (PAHs) in water (17) . The results showed that MWCNTs effectively adsorbed the PAHs with 10% higher recoveries than typical C 18 SPE material. This is because that the MWCNTs adsorbed PAHs by the coactions of delocalized pi bond interaction and physical adsorption. The delocalized pi bond interaction between PAHs and MWCNTs is much stronger than the hydrophobic interaction between PAHs and C 18 . Therefore, one can infer that MWCNTs may also have the ability to adsorb pyrazole and pyrrole pesticides containing aromatic rings.
In this study, an analytical method combined an SPE enrichment method using MWCNTs as adsorbent with an HPLC determination for four pyrazole and pyrrole pesticides in environmental water samples was developed. In recent years, there were many reports concerning with the application of CNTs as SPE adsorbent for the separation and enrichment of pesticides, environment contaminations, etc., in various samples (14 -17) . However, the HPLC -UV simultaneous determination of these four target pesticides in this work was not reported. In this paper, the properties of the MWCNTs as an SPE adsorbent were investigated and several key influence factors including flow rate of sample loading, elution solvents and volumes were studied in detail for high SPE efficiency. The method was demonstrated to be applicable for the analysis of four pyrazole and pyrrole pesticides in real environmental water samples.
Experimental
Chemical reagents and materials 1,000 mg L 21 of fipronil dissolved in acetone, 100 mg L 21 of fenpyroximate dissolved in acetone, 100 mg L 21 of flusilazole dissolved in acetone and 100 mg L 21 of chlorfenapyr dissolved in n-hexane were purchased from National Research Center for Certified Reference Materials (China). Stock solutions of each pesticide were stored at 2208C. Mixed standard solution of 10 mg L 21 of each pesticide was prepared in methanol, and working solutions were prepared daily by appropriate dilution of the stock solutions with water before use. All solvents, including methanol, ethyl acetate and acetone, were of HPLC grade. Methanol and acetone were purchased from TEDIA (Fairfield, OH, USA). Ethyl acetate was purchased from Tianjin Guangfu Fine Chemicals Institute (Tianjin, China). Anhydrous sodium sulfate (analytical grade) was obtained from Chinasun Specialty Products Co., Ltd (Jiangsu, China). A model Synergy 185 ultra pure water system (Millipore, Billerica, MA, USA) was used to purify water. MWCNTs (60 -100 nm ID, 5 -15 mm length, 40 -300 m 2 g 21 ) were obtained from Nanotech Part Co. (Shenzhen, China). MWCNTs were dried at 1208C for 2 h before use. The Supelclean Envi-Carb SPE extraction columns (250 mg/3 mL) and Supelclean LC-18 (500 mg/6 mL) were purchased from Supelco (St. Louis, MO, USA). The Cleanert ODS (500 mg/ 3 mL) was from Agela Technologies (Tianjin, China).
Tap water samples were collected from our laboratory. River water samples were collected from Qingdao Jihongtan reservoir, and seawater samples were collected from coastal seawater of Qingdao. All the water samples were filtered through a 0.45-mm membrane (Tianjin Jinteng Experiment Equipment Co., Ltd, Tianjin, China) and stored in brown glass bottles at 48C prior to analysis.
SPE procedures
An MWNTs packed cartridge was made in house. MWCNTs (150 mg) were packed into the cartridge after a polypropylene frit was set at the cartridge bottom. In the front of the cartridge, another polypropylene frit was set to hold the height of MWCNTs at 1.0 cm. The empty SPE cartridge and polypropylene frits were purchased from Shanghai ANPEL Scientific Instrument Co., Ltd (Shanghai, China). Each MWCNTs SPE cartridge was used only once. Then, the outlet tip of the cartridge was connected to Visiprep TM Solid Phase Extraction Vacuum Manifolds (Supelco) and the inlet end of cartridge was connected to PTFE suction tube of which the other end was inserted into the sample solution. Before loading samples, the cartridge was first conditioned with 3 mL ethyl acetate, 3 mL methanol to remove air and leach impurity and then with 5 mL ultrapure water to equilibrate the phase. Next, a 1 L water sample was loaded at the flow rate of 5.0 mL min 21 . After loading, the cartridge was kept at vacuum for 20 min to remove residual water. The objects retained on the cartridge were eluted by 10 mL ethyl acetate at a flow rate of 1 mL min
21
. The ethyl acetate extracts were passed through a 6-mL polypropylene tube containing 5 g anhydrous sodium sulfate to remove residual water. The effluents were collected into a test tube and condensed to dryness under a gentle flow of nitrogen at room temperature and redissolved with 0.2 mL acetonitrile. The resulting solution was then transferred to double layer siliconeteflon septa vials for autosampler and analysis by HPLC-DAD.
HPLC-DAD analysis
Experiments were performed on an Agilent 1100 liquid chromatographic system, consisting of a quaternary delivery pump, an autosampler with a 100-mL loop, a thermostatic column compartment and a DAD detector. A personal computer equipped with an Agilent ChemStation program for HPLC was used to process the chromatographic data. The analytical column was Agilent ZORBAX SB-C18 (100 Â 4.6 mm ID), which was used for analysis of the pesticides at room temperature. The sample injection volume was 10 mL. The absorbance was monitored at 215 nm. The mobile phase was a gradient prepared from acetonitrile and water. Gradient elution conditions were as follows: 0 -12 min, isocratic 55% acetonitrile and 12-20 min, isocratic 75% acetonitrile. The flow rate was 1 mL min 21 . Under these optimum conditions, all the studied pesticides were well separated from each other (see Figure 2) .
Results

Optimization of SPE procedure
Recovery was the best indicator of SPE method, and the recoveries of the four pyrazole and pyrrole pesticides in SPE process were mainly subjected to the following factors: the SPE adsorbent, the flow rate of sample loading, eluent and elution volume. In this study, these four major factors were investigated using a spiked ultrapure water sample (0.2 mg L
21
) and all the optimization experiments were conducted three times. 
Comparison of different SPE adsorbents
The selection of suitable adsorbents is crucial for SPE efficiency. The pesticides in water were extracted with Supelclean Envi-Carb SPE extraction columns (250 mg/3 mL), Supelclean LC-18 (500 mg/6 mL), Cleanert ODS (500 mg/3 mL) and MWCNTs as SPE sorbents, respectively. As shown from Figure 3 , the recoveries of extracted by 150 mg MWCNTs were similar to those by C 18 (Supelclean LC-18 and Cleanert ODS). MWCNTs effectively adsorbed the pesticides with recoveries of 60 -100%.
Effect of the elution solvent and volume
The type and volume of elution solvent are highly important for the extraction efficiency. Therefore, the choice of elution solvent and its optimum volume need to be carefully studied. Figure 4 shows the recoveries obtained from three different organic solvents including methanol, ethyl acetate and acetone as elution solvents. The recoveries of the pesticides eluted by ethyl acetate were in the range of 54 -103%. For acetone and methanol, the recoveries were much lower, only 25 -77 and 17 -32%, respectively. Therefore, ethyl acetate was chosen as elution solvent. Moreover, the influence of volume of ethyl acetate was studied ( Figure 5 ) and 10 mL of ethyl acetate was adopted for eluting the pesticides in further studies.
Effect of flow rate of sample loading
The flow rate of sample loading was also investigated in the SPE procedure. Generally, sample loading time can be reduced at a high flow rate but possible analyte loss can happen owing to an incomplete adsorption of compounds by the sorbents; complete adsorption can be achieved at a low flow rate, but it is timeconsuming. Therefore, a suitable flow rate for loading sample should be determined to achieve high recovery and short loading time. As shown in Figure 6 , the extraction recoveries of four pesticides increase with the flow rate from 3 to 5 mL min 21 and achieving the highest recovery of .90% at the flow rate of 5.0 mL min 21 . However, the recoveries drop from 5 to 7 and 10 mL min 21 . Therefore, the sample loading flow rate of 5.0 mL min 21 was optimal.
Method evaluation
Under these optimal conditions, the analytical performance of the SPE method was assessed. Seven standard solutions with different concentrations (0.05, 0.1, 0.5, 1.0, 5.0, 10.0 and (Table I) .
The limits of detection (LODs) of the method were calculated by analyzing the spiked water sample after pretreatment using a signal-to-noise ratio of three, varied from 8 to 19 ng L 21 (Table I ). The precision (relative standard deviation, RSD%) was obtained by spiked standard solutions with 0.2 mg L 21 of individual pesticides, and the values of RSDs were calculated by adopting five replicate runs such as 4.0-9.9% (Table I) .
Analysis of environmental water samples
In order to evaluate the current method, two water samples from reservoir water and seawater were analyzed (Figure 7) . The recoveries were obtained by spiked real water samples with 0.2 and 5.0 mg L 21 individual pesticides. The results are listed in Table II . As seen in Table II and Figure 7 , no pesticide from our study was detected in the three samples. The recoveries and RSDs of three real water samples were averaged from three replicate runs, shown in Table II . The RSDs of four pesticides were in the range of 4.0 -9.9%. The recoveries of four pesticides 
Discussion
The obtained results are comparable with those reported in previous extraction work, where an SPME (2), a DLLME (3) or SPE (7, 8) was used for the extraction of pyrazoles and pyrroles pesticides (Table III) . It can be concluded that this method exhibited good sensitivity and repeatability.
Conclusions
A novel and optimized method was developed using MWCNTs as SPE sorbent to extract four pyrazole and pyrrole pesticides from water samples, presenting robust extraction capacity for these four pesticides. The combination of SPE with HPLC enabled selective and sensitive analysis of the four pesticides at very low concentrations in complex water environment. The method was demonstrated to be readily applicable for the routine analysis of the pyrazole and pyrrole pesticides in water samples. 
